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The electronic Hamiltonian is
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J l>/
U(ri ) caued the external potential acting on electron i, for it is produced
by ~boareoe oxternal to the system of electrons. Once the external potential
U(;l ) unu e number of electrons n are specified, the electronic wave

functions and allowed energies of the molecule are determinedas the

solutions of the electronic Schrodinger equation.



Now we need toprovethatthe ground — state electron probability density

A. the external potential

Po (:} ueter mmes{
B.the number of electrons

Ipo (:}u: —rn— [)I"OOf Of B
HEH] A RIUSOIET:. AR A S2EF R, % T FRE R A
THRE p, FAEWNINE Y, Sy, (CEFIEHEE).

ﬁv +ZU( )T LLL HY¥,,=E,%,, |

]1>/y

1
ﬁb’tgzv +zUb( )T L,L,_ HY,,=E,"¥, 2

= Joi>j 1/

7, A s s, AR, v, 5%, , M

1 @Z 2 ?%@J : (Zn:(ua (’7} Y \’T}UI 0,0 — (EO,a _EO,b)yjo,a

H'ﬁ

22( ( )~ Ub\I ” = constant
SEwom e, Amik#] 7 A.
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o (r ) e us use the wave function . According to thevariation theorem as a trial
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3.Comments on the DFT methods
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(8)DFT H i1 F :construct model many-body Hamiltonian; Thermal and transport
properties; Magnetism, Spin-Orbit coupling; Quasiparticle excitation; Phonon structure
and Electron-Phonon coupling, superconductivity; Ground state properties.
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information>Heaven of Chemical Accuracy
T V2 bR BV T R ELRR NG L, 9 B T OO H T AR R A A S T Y
FHREEZLEX.

information;+Explicit occupied information;+Unoccupied orbital
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The Hubbard model is based on the tight-binding approximation from solid state physics.
In the tight-binding approximation, electrons are viewed as occupying the standard
orbitals of their constituent atoms, and then 'hopping' between atoms during conduction.
Mathematically, this is represented as a 'hopping integral' or 'transfer integral' between
neighboring atoms, which can be viewed as the physical principle that creates electron
bands in crystalline materials, due to overlapping between atomic orbitals. The width of
the band depends upon the overlapping amplitude. However, the more general band
theories do not consider interactions between electrons explicitly. They consider the

interaction of a single electron with the potential of nuclei and other electrons in an
average way only. By formulating conduction in terms of the hopping integral, however,
the Hubbard model is able to include the so-called 'onsite repulsion’, which stems from
the Coulomb repulsion between electrons at the same atomic orbitals. This sets up a
competition between the hopping integral, which is a function of the distance and angles
between neighboring atoms, and the on-site Coulomb repulsion, which is not considered
in the usual band theories. The Hubbard model can therefore explain the transition from
metal to insulator in certain transition metal oxides as they are heated by the increase in
nearest neighbor spacing, which reduces the 'hopping integral' to the point where the onsite
potential is dominant.

The hydrogen atom has only one electron, in the so-called s orbital, which can either be

spin up ( ) ) or spin down ( J ). This orbital can be occupied by at most two electrons, one

with spin up and one down (Pauli exclusion principle).

Now, consider a 1D chain of hydrogen atoms. Under band theory, we would expect the 1s
orbital to form a continuous band, which would be exactly half-full. The 1-D chain of
hydrogen atoms is thus predicted to be a conductor under conventional band theory.

But now consider the case where the spacing between the hydrogen atoms is gradually
increased. At some point we expect that the chain must become an insulator.

Expressed in terms of the Hubbard model, on the other hand, the Hamiltonian is now made
up of two components. The first component is the hopping integral. The hopping integral
is typically represented by the letter t because it represents the kinetic energy of electrons
hopping between atoms. The second term in the Hubbard model is then the on-site
repulsion, typically represented by the letter U because it represents the potential energy
arising from the charges on the electrons. Written out in second quantization notation, the
Hubbard Hamiltonian then takes the form:
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Arc-discharge: good quality, yield; MWCNT, SWCNT available; covered with amorphous
C(unclean)

Laser Vaporization: + Large and aligned SWNT yield; + Greater control over growth
condition; + absence of high electric field; - expensive process

Catalytic Decomposition: + SWNT, MWNT on any substrate; - nanotubes weaker, often
uncapped; - Faulty graphitization, often at the tips
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1. Laser — deflected off cantilever

2. Mirror -reflects laser beam to
photodetector

3. Photodetector —dual element
photodiode that measures differences
in light intensity and converts to
voltage

4. Amplifier

5. Register

6. Sample

7. Probe —tip that scans sample made
of Si

8. Cantilever —moves as scanned

over sample and deflects laser beam,

typical silicon or silicon nitride

55 A TR LA R S b 2 1A F s T X g

TRFIIEME (AFM) BTN KR

repulsive force

intermittent-
contact

distance

contact itip-to-sample separation)

L

altractive force



a.Contact Mode

Measures repulsion between tip and sample

Force of tip against sample remains constant

Feedback regulation keeps cantilever deflection constant

Voltage required indicates height of sample

Problems: excessive tracking forces applied by probe to sample

b.Non-Contact Mode

Measures attractive forces between tip and sample

Tip doesn’t touch sample

Van der Waals forces between tip and sample detected

Problems: Can’t use with samples in fluid

Used to analyze semiconductors

Doesn’t degrade or interfere with sample- better for soft samples

c.Tapping Mode

Tip vertically oscillates between contacting sample surface and lifting of at frequency of
50,000 to 500,000 cycles/sec.

Oscillation amplitude reduced as probe contacts surface due to loss of energy caused by
tip contacting surface

Advantages: overcomes problems associated with friction, adhesion, electrostatic forces

More effective for larger scan sizes
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